Abstract In this paper an accelerometer, which measures the pull-in time to obtain the acceleration is presented. As the pullin time is a semi digital signal, the output of the device can be measured with a full digital circuit. No analogue readout circuit is required. The sensitivity and nonlinearity are comparable with the differential capacitive sensing devices. The accelerometer has been fabricated by surface micromachining using Al as the mechanical layer and phosphosilicate glass as the sacrificial layer. The initial measurements have been performed.
INTRODUCTION
The surface micromachined accelerometers usually have low pull-in voltages and therefore the capacitive sensing is difficult to achieve [1] . W. C. Tang proposed a novel digital accelerometer in 1994 [2] , in which the pull-in voltage is measured to obtain the acceleration since the pull-in voltage is the function of the acceleration.
It has been found by the authors that the pull-in time is also a function of the acceleration [3] . An accelerometer, which measures the pull-in time, has been proposed.
The principle of the device is shown in Fig. 1 . By applying the pulse voltages X1 and 02 to the electrodes 1 and 2 alternately, the mass is pull-in at the stoppers 1 and 2 alternately. T1 is the pull-in time from the stopper 1 to 2, and T2 is pull-in tome from the stopper 2 to 1. When there is no acceleration in the x direction, TI=T2=To. If there is an acceleration in the x direction, the differential pull-in time, AT=T2-T1, is proportional to the acceleration. AT is a pulse- When the damping is zero, the analytical pull-in time can be obtained [3] . The differential pull-in time Ar = z2 -z1 is
The nonlinearity of the pull-in accelerometer is O I )
which is the same order of the ratio (17 / 4)na 3 /(2saZ).
The nonlinearity of the pull-in mode is similar to the differential capacitive sensing.
When the damping is non zero but also not high, (2) cannot be solved analytically. Matlab was used to analyse the equation numerically. Fig. 3 shows the gain with respect to the electrostatic force and Fig. 4 the nonlinearity in the range of a E [-0.1, 0.1]. X used in the calculations is 0.5.
It can be observed that both the gain and the nonlinearity increase with the damping and saturate when the damping ratio is larger than 1. 5) where ±2 is the positions of the stoppers. It can be obtained from (3) that Ar is proportional to the acceleration. The gain of the device can be defined as G = 2 s/r0 . Fig. 2 shows the gain with respect to F and X. By comparison, the gain of the differential capacitive sensing is 2. Therefore, the gain of the pull-in accelerometer is comparable to that of the normal accelerometer with the differential capacitive sensing. As the damping in an accelerometer is usually changed with the displacement, the influence of the variable damping is also analysed. The dominant damping in the system is supposed to be the squeeze film damping, which means that the damping ratio is inversely proportional to the cube of the electrode gap. It is observed that the gain increases with the damping faster than in Fig. 3. 1-4244-0376-6/06/$20.00 }2006 IEEE The pull-in operation process is a pulse-width modulation process [4] . The bandwidth of the device is determined by the sampling rate.
In principle, the larger the sampling rate, the larger the bandwidth. The theoretical maximum sampling rate of the pull-in accelerometer is a higher than the resonant frequency. However, the sampling rate is limited by several factors.
Firstly, the sampling pulse width must be larger than the maximum pull-in time, which is determined by the full-scale required.
Secondly, the sampling pulse width must be long enough to make sure that the speed of the mass is 0 before the next pulse because the measurement is sensitive to the initial conditions and the vibration of the mass at the pull-in position causes errors. In this paper, the pulse width of the driving voltage is set to be 1/ft, where f0 is the resonant frequency. A full measuring circle is 2/tf. In other words, the sampling frequency isf0/2. When the acceleration is very large, the structure does not pull-in. The maximum acceleration that can be measured is a function of the operating voltage. To simplify the analysis, the maximum acceleration is estimated with the initial conditions x = 0 andx = 0.
When the damping is very high, the maximum acceleration is:
III. DESIGN Based on the above analysis the surface micromachined accelerometer has been design. The The electrical and mechanical properties have been calculated. The resonant frequency is calculated to be 4 kHz. When the displacement is 0, the damping ratio is calculated to be 0.057. The pull-in voltage is calculated to be 4.86V. The pull-in voltage of fingers is higher than IOV when the mass is at the pull-in position.
The static and dynamic properties of the accelerometer in pull-in mode are analysed numerically with Matlab software. When the driving voltage is 8V, the pull-in time is calculated to be 77jts. Fig. 6 shows the differential pull-in time with respect to the acceleration, which was obtained by simulation. The non-linearity is 0.87%FS.
The pull-in time can be obtained either by measuring the contact between the mass and the stopper or by the capacitive sensing. 
4
For the device with light damping, the maximum acceleration is larger than (6) due to over-shooting [1] . The maximum acceleration of the device without damping is given by: The fabrication process is as follows: 1. First the 1 urm PECVD 4% PSG (4% of phosphorus in PSG) was deposited on oxidised silicon wafer in Novellus system and patterned to form sacrificial layer. 2. Next the 3ptm low temperature Al was sputtered in Trikon Sigma sputter coater. After lithography the layer was patterned in Trikon Omega 201 plasma etcher, forming the device. 3. The structure was released by removing PSG sacrificial layer in 73%HF (fluoric acid) with addition of isopropanol. To prevent problem of stiction the freeze drying process was employed after sacrificial step. Fig.  7 shows the SEM photo of the device. Prior to the packaging the capacitance-voltage measurement was performed. The results are shown in Fig.  8 . The pull-in voltages were measured to be 8. 1V and 8.7V in the positive and the negative directions, respectively. The pull-in voltages are higher than the theoretical values and slightly asymmetric. That could be the explained by the slight deformation of the structure (SEM photo in Fig. 7) .
The asymmetry of the pull-in voltages can be compensated by the driving circuit. It can be observed that the resonant frequency changes with the bias voltage. V. SUMMARY A pull-in accelerometer, which features a digital output, has been designed and fabricated by surface micromachining technology. The pull-in voltages have been measured. The pull-in time measured from 0 to IG is 5 ts
